This paper applies boundary layer theory to the process of drug dissolution in the USP (United States Pharmacopeia) Flow Through Apparatus. The mass transfer rate from the vertical planar surface of a compact within the device is examined. The theoretical results obtained are then compared with those of experiment. The paper also examines the effect on the dissolution process caused by the interaction between natural and forced convection within the apparatus and the introduction of additional boundaries.
a brief introduction to the apparatus and to some experimental work that has been conducted by several authors.
Drug Dissolution Testing
Dissolution testing is a very important area of research within the pharmaceutical industry. The ability to produce drugs with a given dissolution rate will lead to improved performance in the treatment of patients and will be of economic benefit to the pharmaceutical industry. However, dissolution testing in laboratories, aimed at reflecting in vivo conditions, can be both time consuming and costly. A mathematical model of the process would serve to alleviate some of these costs.
Currently, most testing of drug dissolution rates take place in standardized USP apparatuses [4] . A number of these apparatuses exist, and it is the aim of this paper to analyse drug dissolution in the USP Flow Through Apparatus.
The USP Flow Through Apparatus
The USP Flow Through Apparatus consists of four main elements; a reservoir, a pump, the flow through cell and a bath. The reservoir holds the dissolution medium which is then forced through the flow through cell, shown in figure (1) , by the pump. The pump typically delivers volumetric flow rates of between 4 and 16 mL per minute, although larger flow rates are achievable. Apparatuses which deliver semi-sinusoidal and full-sinusoidal pulsing flow profiles, or non pulsing flow, are available. Pulsing flow is delivered at 120 pulses per minute The water bath is used to maintain a constant temperature within the flow through cell. The flow through cell is where the compact is housed. The cell is a cylindrical vessel with a conical base. The cone part of the vessel is usually filled with small glass beads to promote laminar flow. The compact may be positioned vertically in a tablet holder located half-way up the cell. Two cell sizes are available; a large cell of diameter 22.6mm and a small cell with a diameter of 12mm.
Experimental Work
Some recent research in the area of pharmaceutical dissolution testing has focused on the process of drug dissolution in the Flow Through Apparatus. Many commentators, including Beyssac et al [5] , Singh et al [6] and Fotaki [7] , suggest that the apparatus holds a number of advantages over some of its predecessors, including the USP Paddle Apparatus. The flow through cell controls the placement of the compact better than the Paddle Apparatus and, also, the hydrodynamics of the system are more clearly defined. The flow through cell can also be used in an open configuration, which according to Singh et al [6] , makes it possible to maintain sink conditions. This can better mimic the gastrointestinal tract if absorption is not the rate limiting step. They note that this is of particular importance for poorly soluble drugs. Finally, the Flow Through Apparatus allows for the dissolution media to be changed over the course of an experiment. This creates a more realistic recreation of in-vivo conditions as a dosage form passes through different regions of the gastrointestinal tract and can help with the development of in vitro-in vivo correlations (Fotaki[7] ).
Experiments have been conducted by D'Arcy et al [8, 9, 10] in the large flow through cell using non disinte-grating compacts composed of benzoic acid, and with a diameter of 13mm. The experiments were conducted for different flow rates including when the pump is idle and the flow is that of pure natural convection. The natural convection case was performed outside the flow through cell in a so called Free Convection System, as illustrated in figure (3) . The results of these experiments have shown that, in some cases, an increase in the flow rate has resulted in a decrease in the dissolution rate from the surface of the compact. Similar results have also been reported by Cammarn and Sakr [11] , who state that in certain cases an increase in flow rate resulted in no increase in the dissolution rate.
Initial Observations
The process of drug dissolution in the USP Flow Through Apparatus can be set up as a boundary layer problem. The obvious approach is to first look at the case in which the pump is idle (i.e. no upward flow). This case is one of natural convection only in which the flow, and hence the dissolution process, will be driven purely by buoyancy effects.
The mathematical model used by McDonnell et al [1] to study this natural convection process is analogous to that of heat transfer due to natural convection for large Prandtl numbers, for which an exact solution exists due to Kuiken [12] . The approach taken involves dividing the problem into two regions: a thin region close to the wall in which buoyancy effects dominate and a much thicker outer region in which buoyancy effects may be neglected. In the case of mass transfer, the inner region is one of natural convection only in which the velocity is generated by the weight of dissolved particles. A similarity solution is obtained for this inner layer, at which point the outer layer is treated as one of forced convection in which the velocity is generated solely by its contact with the inner layer. For liquids, the non-dimensional mass transfer coefficient, known as the Schmidt number (S c ), is large. Consequently, the concentration boundary layer is an order of magnitude thinner than the momentum layer.
Having examined the case of pure natural convection, McDonnell et al [1] introduce a perturbation term to the stream function to model a constant counterflow. In a reversal of the case of Kuiken [12] , the outer layer is treated first with its solution then matched into the inner layer. This counterflow may be used to model the effect that the pump has at relatively small upward velocities, where the upward velocity does not penetrate the downward flow due to natural convection, but rather flows around it.
Finally, McDonnell [2] has developed a Pohlhausen solution that mimics the natural convection case outlined above. This Pohlhausen solution is then amended to model the introduction of a perpendicular surface. Throughout the analysis values for the saturation concentration, C s , coefficient of diffusion, D, and the kinematic viscosity, ν, are taken to be 4.564 × 10 −3 g/cm 3 , 1.236 × 10 −5 cm 2 /s and 0.7 × 10 −2 cm 2 /s respectively. These values correspond to benzoic acid dissolving in 0.1M HCl, as reported by D'Arcy et al [8] .
Aim of Paper
The primary aim of this research is to accurately predict drug dissolution rates from the vertical planar surface of a benzoic acid compact within the USP Flow Through Apparatus. The approach used is to apply well documented analytical techniques with specific modifications relevant to the apparatus. These modifications are introduced to model the effect of the pump, the effect of the introduction of additional boundaries (tablet holder and jar lid in free convection system) and the interaction between natural and forced convection processes. The research also aims to show that for compounds with relatively low solubility,such as benzoic acid, the dominant mass transfer mechanism within the apparatus is that of natural convection, with forced convection mainly providing a deceleration or disruptive effect. Finally, the research shows that in order for forced convection to dominate, the pump would have to provide extremely large volumetric flow rates that are well above normal operational conditions.
Mathematically Modeling Flow in the USP Flow Through Apparatus

Mass Transfer from a Vertical Flat Surface due to Natural Convection
The case of heat transfer from the surface of a vertical flat plate for large Prandtl numbers was studied by Kuiken [12] . This case has been adapted by McDonnell et al [1] to model mass transfer from the flat surface of a soluble material for large Schmidt numbers. McDonnell et al [1] state that for such a flow the maximum downward velocity due to natural convection may be calculated by:
where x is the vertical distance from the leading edge, g is acceleration due to gravity, ρ is the density of the solvent, C s is the saturation concentration and S c is the non-dimensional Schmidt number. Using equation (1), it is easily shown that for a benzoic acid compact dissolving in 0.1M HCl the upward flow generated within the flow through cell is relatively small compared to the downward natural convection flow generated by the weight of solution containing the dissolved drug.
As such, natural convection may be thought of as the dominant mass transfer mechanism within the apparatus. For the case of pure natural convection, McDonnell et al [1] give the flux per unit width as
where D is the coefficient of diffusion of the soluble material and ν is the kinematic viscosity of the dissolution medium.
Mass Transfer from a Vertical Flat Surface with a Constant Counterflow
The previous section outlines the case of mass transfer due to natural convection as presented by McDonnell et al [1] . In the same work, this pure natural convection model is expanded to include a constant counterflow. For the case of small upward velocities, McDonnell et al [1] have shown that this upward flow will not penetrate the natural convection boundary layer formed and will instead flow around it, having a deceleration effect. This model may be applied to the flow through cell, in which only relatively small upward velocities are generated. For the case of natural convection with a counterflow, the flux per unit width is given as:
where U 0 is the velocity of the counterflow.
Natural Convection Flow on a Vertical Flat Surface with a Perpendicular Surface
Another mathematical model of interest is that of natural convection with the introduction of a surface which lies perpendicular to the main direction of flow. Two cases are presented by McDonnell [2] ; natural convection flow approaching a perpendicular surface and natural convection flow developing at a stagnation point. Both of these models are approximate solutions using a Pohlhausen integral method based on the work of Squire [13] .
For the case of natural convection approaching a perpendicular surface, McDonnell [2] adapts the velocity profile of Squire [13] to model pure natural convection for large Schmidt numbers. This adapted method is found to approximate the exact solution to within 2% (McDonnell [2] ). To model the introduction of a perpendicular surface, the velocity profile is again amended, this time based on a family of solutions produced by Tani [14] and Howarth [15] . The flux per unit width is given by
where δ c is the concentration boundary layer thickness and must be found by solving the ordinary differential equation:
where A = 4D gCs 4Dρν 1 2 and L is the vertical distance at which the perpendicular surface lies. The total flux per unit width is given as
The case of natural convection developing at a stagnation point is also an adaptation of the Pohlhausen method presented by Squire [13] . The flux per unit width is given as
where x max is the length of the vertical surface. Both of these models include a perpendicular surface which inhibits the natural convection flow and as such result in decreases in mass transfer rates of between 30 and 40%, when compared with that of pure natural convection only.
Mass Transfer from a Vertical Flat Surface due to a Constant Upward Flow
Finally, the case of mass transfer due to an upward flow is examined. In this case, mass transfer occurs due to an upward flow, leading to an increase in density of the dissolution medium close to the surface. At some height along the surface the weight of solution containing the dissolved drug counteracts the upward force causing boundary layer separation. McDonnell et al [3] have examined this case using a modified flat plate Blasius flow based on the work of Lévêque [16] . The flux per unit width is given as
whereX is related to the point of separation and given
1 Sc are the values of the gamma function for 2 3 and 1 3 respectively.
Application to Drug Dissolution in the USP Flow Through Apparatus
In this section, the dissolution rate from the vertical flat surface of a compact in the USP Flow Through Apparatus is analysed. The apparatus may be assembled using either a large 22.6mm diameter flow through cell or a smaller 12mm cell (see figure (1) ). The pump delivers a flow with a semi-sinusoidal profile, with typical volumetric flow rates of between 4 and 16mL/min. For the purpose of estimating the dissolution rate from the surface, a time averaged constant upward flow is taken in place of this semi-sinusoidal profile, for the period over which the pump is active. Experimental results for the dissolution rates from the surface of a compact have been produced by D'Arcy et al [10] . In these experiments a compact of 8.5mm in diameter is used in the smaller flow through cell and a compact of 13mm in diameter used for the larger cell, both with an approximate height of 3mm. In order to apply the mathematical models discussed in the previous sections to the surface of the compact, the surface is divided into strips of 1mm for the larger compact and 0.5mm for the smaller compact. This is illustrated in figure (2) . Wherever available, the results are compared with those of experiment, as reported by D'Arcy et al [10] .
Dissolution Rates in the USP Flow Through Apparatus: Pump Idle
For the case of natural convection only, the flux per unit width for each strip is taken from equation (2) to be
where x is the length of the strip. The maximum downward velocity due to natural convection for each individual strip is calculated as
The maximum downward velocities for both the large and small compacts are shown in table (1) . Equation (9) is applied to the flat surface of both the large and small compacts, the results of which are shown in table (2) . D'Arcy et al [10] report that for the case of natural convection the experiment is conducted using a so called Free Convection System, as illustrated in figure (3) . The introduction of this additional boundary, namely the jar lid, may not be ignored. As such the flow in such a system would be better modeled by natural convection flow developing at a stagnation point, as outlined by McDonnell [2] and discussed in section (2.3). In this instance, the flux per unit width for each strip is taken from equation (7) to be
The results for this case are also displayed in table (2) . 
Dissolution Rates in the USP Flow Through Apparatus: Small Upward Velocities
This section analyses the dissolution rates from the vertical flat surface of a compact for small upward velocities. A small upward velocity may be classified as one that is less than 15% of the maximum downward velocity due to natural convection, as shown in table (1) . For velocities of this magnitude the upward flow will not penetrate the concentration boundary layer formed due to natural convection and will instead have the effect of a slow moving counterflow. As such the flux per unit width is taken from equation (3) to be
where U 0 is the velocity of the counterflow. Such small upward velocities exist in the large flow through cell at constant volumetric flow rates less than 6mL/min and in the small cell for velocities less than 2mL/min. Equation (12) is applied to the surface of a compact for several small velocities and table (3) compares the results with that of natural convection. [3] shows that for small velocities the boundary layer formed due to an upward flow separates due to the weight of solution containing dissolved drug. However, for sufficiently large upward velocities boundary layer separation will not occur across the height of the surface and the solution will approach that of horizontal flat plate flow. The criterion to prevent separation occurring is given by McDonnell et al [3] as F r > 0.071, where F r is the non-dimensional Froude number. The required upward velocity may be calculated using
For the small and large compacts in the USP Flow Through Apparatus, this translates to semi-sinusoidal volumetric flow rates of 215 and 945mL/min respectively. Such flow rates, although well outside normal operational limits, may be achievable within the small cell, however, highly unlikely within the large cell. As such, Table (4) shows the predicted dissolution rates from the vertical flat surface of a compact for several large flow rates within the small cell only. The flux per unit width is given by equation (8), which is 
Dissolution Rates in the USP Flow Through Apparatus: Intermediate Upward Velocities
The most interesting cases are those which involve intermediate velocities. In such instances the upward flow will penetrate the natural convection boundary layer; however, it will also separate under the weight of solution containing the dissolved drug at some distance, say x sep . This means that the rate of drug dissolution below this point may be calculated using equation (14), as in the previous section. Above the separation point the flow will be that of natural convection. However, this natural convection flow must also separate at the same height along the surface as the modified Blasius flow and will therefore behave like that of natural convection on a vertical flat plate approaching a perpendicular surface. This is illustrated in figure (4) . This type of flow is outlined in section (2.3) and the flux per unit width is taken from equation (6), given as 
Comparison with Experimentally Observed Data
Table (6) compares a selection of predicted dissolution rates with those of experiment in the large flow through cell and a free convection system as reported by D'Arcy et al [9, 10] . The predicted results exhibit some similarities to those of experiment in the sense that no significant increase in the mass transfer rate from the surface is recorded with increased volumetric flow rate. However, all the predicted dissolution rates appear to be much larger than the reported experimental dissolution rates. Initially, especially for the case of natural convection alone, this result would seem to be somewhat disappointing since the model is well documented historically. However, D'Arcy et al [9] state that for the natural convection case the experiment is performed in a jar with the compact fixed to the inside of the lid. Such a system may be better modeled by the case of a natural convection flow developing from a stagnation point, as outlined in section (2.3). If we apply this model to the surface of a compact the predicted rate of dissolution is 2.958×10 −6 . This result is within 9% of the experimental result, which itself has a tolerance of about ±3%. Taking this information into account it is likely that the lid of the jar has a significant deceleration effect on the flow. The predicted results for volumetric flow rates of 8, 16 and 43mL/min would also seem to be overestimates when compared with those of experiment. These experiments were performed in the large flow through cell in which the compact is suspended about half way along the height of the cell. It would therefore not seem that any additional boundary was present that would account for this decreased mass transfer rate, as may be the case in the jar system. However, on further investigation it would appear that the holder which keeps the compact in place may be responsible for deflecting the upward flow. Also, as the metal used to construct the holder is 0.5mm in diameter it is possible that this impedes the natural convection flow, as this diameter is of the same order of magnitude as the maximum concentration boundary layer thickness of such a flow. If this is the case, a better model for this system would be that of natural convection flow approaching a perpendicular surface, as discussed previously. Applying this model to the surface of a compact for volumetric flow rates of 8, 16 and 43mL/min gives the results shown in table (7) . These results are extremely close to the recorded ex- perimental values of D'Arcy et al [10] . However further experimental data is required to verify that the tablet holder has such an effect on the mass transfer rates from the surface of the compact.
Discussion
The primary aim of this research was to accurately predict drug dissolution rates from the vertical planar surface of a benzoic acid compact within the USP Flow Through Apparatus. In order to achieve this goal a number of factors had to be taken into consideration. These are discussed below and include, the interaction between natural and forced convection, the introduction of additional boundaries and the pulsating nature of the flow delivered by the pump.
Natural vs Forced Convection
The paper establishes that natural convection is the dominant mass transfer mechanism within the flowthrough cell. Firstly it is highlighted in section (3.1), table (1) that the downward velocity due to natural convection is in the order of 0.1cm/s. In contrast, the pump delivering a volumetric flow rate of 16ml/min through the large flow through cell would result in maximum upward velocities in the order of 0.065cm/s. Secondly, McDonnell [1] has shown that for such upward velocities, even neglecting the downward natural convection, the upward forced convection boundary layer would separate at very small distances from the leading edge due to the weight of solution containing dissolved drug. Furthermore, it is shown in section (3.3), table (4) that in order for forced convection to be considered the dominant mass transfer mechanism, the pump would be required to deliver volumetric flow rates well beyond normal operating conditions.
In summary, the paper shows three distinct cases. For small upward velocities, the upward flow does not penetrate the natural convection boundary layer and instead flows around it, having a decelerating effect on the natural convection flow. This supports the findings of several authors(D'Arcy et al [10] , Cammarn and Sakr [11] ), who report that an increase in pump flow rates did not always lead to an anticipated increase in dissolution rates.
The case of large velocities is of little interest in terms of dissolution rates as the required volumetric flow rates are unachievable within the flow through cell. However, the case is highlighted in section(3.3) in order to reaffirm the dominance of the natural convection process.
The most interesting cases are those involving intermediate velocities. For both flow through cells, these include volumetric flow rates of between 4 and 16mL/min. These flow rates are indicative of normal operating conditions for the apparatus and result in regions of both natural and forced convection, as illustrated in figure (4) .
Table (6) shows the initial results from applying these flow regimes to the surface of a compact in the Flow Through Apparatus at several volumetric flow rates. The results are somewhat disappointing except for the fact that they show little increase in dissolution rates for increased pump flow rates.
Additional Boundaries
As mentioned in section (1.3), the case for natural convection only is performed by D'Arcy et al [8, 9, 10] in a so called Free Convection System. In this system the compact is adhered to the lid of a jar. The introduction of this extra boundary, namely the lid of the jar, may not be ignored. This Free Convection System is better modeled by natural convection flow developing at a stagnation point (McDonnell [2] ) as outlined in section (2.3) of this paper.
In section (1.4) of this paper it is noted that the mathematical model used is analogous to that of Kuiken [12] in which the concentration boundary layer is an order of magnitude thinner than the momentum boundary layer. This thin concentration layer has a thickness of less than 0.5mm. Interestingly, the compact is held in position within the flow through cell by a tablet holder of diameter 0.5mm. The compact is held across its vertical planar surface and as such the introduction of this additional boundary may not be discounted. The tablet holder will inevitably cause boundary layer separation of the natural convection flow. Table (7) presents an amended version of the results presented in table (6) , allowing in each case for the introduction of additional boundaries as discussed above. The results presented in table (7) are extremely close to those of experiment and suggest that both the tablet holder and the jar lid have a dramatic effect on the dissolution rates from the surface.
Constant vs Pulsing Flow
Finally, it should be noted that in order to mathematically model the process of drug dissolution from the surface of a compact in the flow through cell, a constant time averaged velocity was taken as an approximation to the semi-sinusoidal velocity profile produced by the pump during experiments by D'Arcy et al [8, 9, 10] . This constant upward velocity may be viewed as the limiting case. That is to say, it would be unlikely for the semi-sinusoidal upward velocity produced by the pump to have a larger decelerating effect on the natural convection flow. In fact recent work by Yoshida et al [17] has shown that there was little difference observed in dissolution rates of salicylic acid in the large cell at the volumetric flow rates investigated for both the constant and semi-sinusoidal pulsating flow environments. This reaffirms the assumption that natural convection is the dominant mass transfer mechanism within the apparatus and that taking a time averaged upward velocity should have minimal effect on prediction errors.
